A microelectrode was used to detect local visually evoked potentials from clusters of neurons in the murine superior colliculus. Chromatic stimuli and selective chromatic adaptation were used to identify responses of UV and middle-wavelength-sensitive (M) cones and/or rods. Three types of evoked potentials were found: those driven by UV and M cones and/or rods and those driven only by UV cone or only by M cones and/or rods. UV cone responses were more frequent in the medial and those from M cones more common in the lateral part of the superior colliculus. All three responses were found in the same area. UV cones provide a significant input to the murine superior colliculus. The spatial distribution of these responses in the superior colliculus reflects the organization of UV cones in the retina. Although synergistic inputs from UV-and M-cone and/or rod inputs appear to mix in local evoked responses in the superior colliculus, some areas are found to transmit only UV-or only M-cone and/or rod responses, indicating that there cannot be a widespread mixing of UV-and M-cone opsins in all murine cones.
Introduction
The retina of the common house mouse (Mus musculus) contains rods and middle (M) and ultra-violet sensitive (UV) cones (Szel et al., 1992 (Szel et al., , 1994 . The predominance of UV cone responses in the ventral retina was first detected using corneal electroretinograms (Calderone & Jacobs, 1995) . More recent immunohistochemical (Glö smann & Ahnelt, 1998; Ahnelt & Kolb, 2000) and electroretinographic (Lyubarsky, Falsini, Pennesi, Valentini, & Pugh, 1999 ) studies suggest that murine cones co-express UV and green opsins. The mixing of cone opsins in the same cone suggests that the presence of two cones in the same regions of murine retina would be simply to increase the spectral bandpass of energy/brightness contrast, but not to take advantage of spectral/color contrast. To take advantage of spectral contrast, the UV cone signals must be isolated in separate neurons.
Recordings from single retinal ganglion cells have provided supporting evidence for these differences between upper and lower retina but also established the presence of ganglion cells receiving input from UV cones exclusively (Ekesten, Gouras, & Yamamoto, 2000) . This suggests that some UV cones cannot have M-cone-sensitive opsins and that the murine visual system can isolate the signals of UV cones from M cones, at least at the ganglion cell layer of the retina.
In the current study, we have tracked the responses of this UV cone system at a later stage in the murine visual system, the superior colliculus, in order to shed further light on the circuitry and the role of the UV cones in the murine vision.
Materials and methods
Thirty-one normal C57B mice were anesthetized with a mixture of ketamine (50 mg/kg) and xylazine (10 mg/kg) intraperitoneally. The pupil was dilated with phenylephrine HCl (1%) and cyclopentolate (1%) and the cornea coated with hyaluronic acid to minimize drying. The mouse was supported on an adjustable stage with a built-in heating device maintaining the body temperature of the mouse between 36°C and 37°C. The skull was fixed to a rigid stand, and a craniotomy was performed over the contralateral superior colliculus. The dura mater and occipital cortex overlying the superior colliculus were carefully removed; the venous sinuses in the dura were left intact. Finally, the superior colliculus and surrounding parts of the brain were covered with low-melting agarose gel.
A tungsten microelectrode was advanced to the surface of the superior colliculus under visual control. The impedence of the electrode was 0.5 MV or 1 MV when evoked potentials were recorded and 1 MV or 2 MV for multiunit recordings. A total of 116 penetrations were made. In 79 of the penetrations, our recordings were dominated by neuronal impulses. In 37 out of 116 penetrations from 10 different mice, we studied topographic variation of superficial evoked potentials. Topographic variation was studied in five different locations, identified visually, in the contralateral superior colliculus (rostral -location 1; lateral -location 2; caudal -location 3; medial -location 4 and in the center -location 5). The electrode was adjusted to enter the superior colliculus perpendicular to the surface. The bandpass filter was set to 0.8-1000 Hz for evoked potential recordings and 0.45-10 kHz for multi-unit recordings. Local evoked potentials and impulses of single neurons were identified on an oscilloscope and heard on a loud speaker. Signals were averaged and stored using a computerized data acquisition system; a dual height and width window discriminator (PowerLab, AD Instruments, Mountain View CA) was used to isolate neurons with similar spike amplitudes and durations.
Panretinal stimulation, described in a previous article (Ekesten et al., 2000) , was used with brief flashes from a stroboscope combined with spectral and neutral density filters (Kodak Wratten, Eastman Kodak Co, Rochester, NY). The luminance of the unfiltered stimulus was estimated at 30 cd/m 2 at the level of the cornea. In some cases, we measured the spectral sensitivity of responses to nine different spectral stimuli. In most cases we only compared the responses to two wavelengths, 360 nm and 538 nm. A bright yellow adapting light, approximately 200 cd/m 2 at the cornea, was used for selective chromatic adaptation of the retina. This was a Corning glass filter that passed all wavelengths longer than 490 nm. White light from a Zeiss hand-held projector with adjustable aperture projected onto a white screen 10 cm away from the left eye and perpendicular to the direction of gaze was used to assess locations of receptive fields within the visual field. This allowed us to examine the responses of single neurons to moving slits of different widths, lengths, orientations and direction of movement. We also used a thin wand to block the steady light of this projector to obtain shadows of bars and edges in order to study off-responses. We did not attempt to correct for refractive errors, because the focal depth of the murine eye was assumed to be large (Balkema & Pinto, 1982) . Fig. 1 shows evoked responses graded in amplitude with increasing levels of stimulation, at three different depths in the anterior part of the contralateral superior colliculus. At the surface, an oscillatory mainly positive field potential occurs at about 35-40 ms after the flash, which is often followed by a later and usually smaller response. At 0.2 mm deeper, the response becomes larger and slightly brisker. At 0.4 mm depth, spikes from neural discharges become more prominent, but the amplitude of the graded response tends to diminish. We did not observe a polarity reversal of the response, perhaps because we did not go deep enough (Sefton, 1969; Fukuda, Suzuki, & Iwama, 1978) . At the surface, this response is larger to the 360 nm flash than the 538 nm flash. The responsiveness to the two spectral flashes does not change significantly with depth. There is, however, considerable variation in the effectiveness of these different spectral stimuli to elicit such responses from area to area. Fig. 2A shows evoked potentials in which there is a mixed input from both UV and M cone mechanisms. In the dark, the response to the green (538 nm) flash is larger and more sensitive than the response to the UV flash (360 nm). In the presence of the strong yellow adapting light, the response to the 360 nm flash is larger and more sensitive than the response to the 538 nm implying that these graded responses must reflect small areas of activity. Fig. 4 shows amplitude/intensity functions for these three different types of graded responses. The largest amplitudes (measured peak to peak) were found in responses where both UV and M cone inputs were present, and in this case, the green flash elicited a larger response than the ultraviolet flash. Evoked potentials mainly driven by UV cones where characterized by the fact that ultraviolet flashes produced a much larger response than the green flash. The magnitude of the responses to UV stimulation was similar for both aforementioned groups of evoked potentials. The lowest amplitude responses were obtained when the M cone input was dominant.
Results
We noticed a curious phenomenon in 12 of 23 penetrations in which there was a very strong UV cone response. Two examples are shown in Fig. 5 . In both cases, the response to the strongest UV flash becomes much larger in the presence of the yellow adapting light than it is in the dark. We were certain that this phenomenon was not due to shifts in the position of the microelectrode. In these cases, the sensitivity of the response did not increase, even though the response amplitude did. The response to UV stimulation remained relatively large for at least 20 min after the background light was turned off.
It was possible to demonstrate these categories of evoked responses in recordings dominated by neuronal impulses. Fig. 6 shows responses from multiple neurons to 360 nm and 538 nm stimulation at 0.4 mm below the surface of the superior colliculus. The response to 360 nm is virtually unaffected by the bright yellow adapting light, implying a response mediated by UV cones. The response to 538 nm, which is present over the same range of stimulus intensities as the UV response in the dark, is completely eliminated by the yellow adapting light. The response to the green flash could be due to rods because it is completely eliminated by the strong yellow adapting field. It is noteworthy that changes in the energy of the flashes do not appear to be able to simulate a univariant-like response; the response to the green flash is always late compared to that to the ultraviolet flash. Fig. 7 shows another multi-unit recording. Some units of larger amplitude respond exclusively to UV stimuli. They are unresponsive to the green (538 nm) flash, and their responses to 360 nm remain almost as strong in the presence of the yellow adapting field as they are in the dark. The units of smaller amplitudes appear to be driven by both UV and M cones and/or rods.
Using a window discriminator in the recordings where neuronal impulses dominated, we identified 79 neurons based on their spike amplitudes and durations, but only a few could be accurately characterized by selective chromatic adaptation. Most of the units, 48 of flash. This indicates that the response to the UV flash must be due in part to UV cones. The presence of a response to the 538 nm flash in the face of the strong yellow adapting field implies that this is an M cone response. Fig. 2B shows an evoked response, which is driven only by UV cones. In the absence of the adapting yellow light, large responses are obtained with the 360 nm flash, and virtually no response is detectable with the 538 nm flash. In the presence of the strong yellow adapting light, the responses to 360 nm remain as large as they were in the absence of the adapting light. No detectable response is detectable to the green (538 nm) flash on the yellow background.
Relatively rarely, we found graded responses that were mediated almost exclusively by M cones and/or rods. Fig. 2C illustrates such a response. There is a prominent response to the 538 nm flash but virtually no response to the ultraviolet (360 nm) flash. In the presence of the strong yellow adapting light, the response to the green (538 nm) flash is greatly reduced but remains detectable, suggesting that it reflects M cones; no response occurs to the 360 nm flash. Fig. 3 shows how often these three different types of responses are found in the five areas of the superior colliculus that we sampled. Sites on the lateral aspect of the superior colliculus tended to have a relatively greater input from M cones and/or rods. Sites on the medial aspect of the colliculus tended to have a greater input from UV cones. The three different categories of responses could be found in the same area, however, 79, responded to both onset and cessation of the light stimulus. Twenty cells were off-cells, and 11 cells responded only to light onset.
Discussion
Our results show that the signals from the UV cone system of the murine retina reach the superior colliculus. The evidence that these responses are from UV cones is based on selective chromatic adaptation. The UV cone system is maximally sensitive to the ultra-violet region of the spectrum and at least 70 times less sensitive to wavelengths at the middle of the visible spectrum, such as 538 nm. The M cones and the rods, however, are very sensitive to 538 nm, but the M cones are at least 10 times less sensitive to the 360 nm flash.
Therefore, a response to the 360 nm flash is not unequivocal evidence for a UV cone input. It is only the tolerance of the 360 nm response to selective chromatic adaptation in the face of complete suppression of the response to 538 nm that provides the evidence that the UV cones must be responsible for these graded responses. A similar strategy has been used recently to study the murine electroretinogram (Lyubarsky, Chen, Simon, & Pugh, 2000) .
There is a much stronger UV cone input in the medial aspects of the superior colliculus. This represents the superior visual field, indicating that the spatial differences of the UV cone system found in the retina (Szel et al., 1992 (Szel et al., , 1994 are still apparent at this later stage of the murine visual system. It is interesting that there is still some segregation of the UV cone signals from those of the M cones. Some responses are only Fig. 3 . Distribution of responses in five different locations on the surface of the contralateral superior colliculus. Basically, the medial -lateral axis corresponds to the superior -inferior axis in the visual field, whereas the anterior -posterior axis represents the nasal -temporal axis in the visual field. Black bars: mainly UV-cone-driven evoked potentials; dashed bars: evoked potentials driven by UV and green cones; dotted bars: evoked potentials predominately driven by green cones. retina (Ekesten et al., 2000) . It is possible that these ganglion cells do not project to the superior colliculus, although a previous morphological study indicated that most retinal ganglion cells projected to the murine superior colliculus (Hofbauer & Dräger, 1985) . An analogous situation would be the primate visual system where units capable of transmitting spectral contrast are ubiquitus in the lateral geniculate nucleus, but extremely rare in the superior colliculus (Schiller, 1977) .
The only suggestion of antagonism between cone mechanisms came from the curious enhancement that we found in some of the UV-cone-driven responses, which became larger in the presence of the adapting yellow field. It is possible that this reflects an antagonistic signal that is transmitted from M cones and/or rods to UV-cone channels, which is active in the absence of the adapting yellow field but not when the rod and M-cone mechanisms are desensitized. It is possible that this enhancement of the UV cone responses by selective chromatic adaptation may be related to the transient suppression that a yellow flash has on the UV cone ERG (Lyubarsky et al., 1999) . If this suppression were neural and not due to the mixing of M-and UV-cone opsins in the same cone, then the selective adapting light might weaken this signal and lead to an enhancement of the UV-cone response.
The fact that local graded responses in the same area of the colliculus show differences in spectral sensitivity implies that the graded responses must reflect small areas of activity, which are likely to represent relatively small groups of neurons. It would be unlikely to have such selectivity if the graded responses reflected large populations of neurons. The fact that this segregation is also apparent when the responses of small groups of neurons are isolated supports this hypothesis. This functional organization is also supported by previous morphological studies showing that injection of horse-UV-or only M-cone-mediated, even in the same area of the superior colliculus. The isolation of these two cone systems into separate pathways provides the brain with the option of comparing them in order to derive a signal that depends on wavelength rather than energy contrast. Such a signal might contribute to color vision as found in some diurnal rodents with UV and M cones (Calderone, Fenwick, & Jacobs, 2001 ). It could also merely be used as an additional detector of contrast.
Although our sample of responses dominated by neuronal impulses is small, we did not encounter any evidence of color opponency between cone classes, which was suggested in rare ganglion cells in the murine radish peroxidase into the superfical layers of the superior colliculus labelled small clusters of ganglion cells confined to a small retinal area (Hofbauer & Dräger, 1985) .
What is not clear, however, is whether the responses that we are recording represent the somata of neurons resident in the superior colliculus or merely the axons of the retinal ganglion cells that terminate in this structure. The fact that the spectral selectivity is also found in impulses of single neurons that are best recorded below the superficial layers suggests that we are dealing with collicular cells and not retinal axons. Most cell somata are located deeper in the superior colliculus with dendrites running up toward the surface (Lund, 1969; Hofbauer & Dräger, 1985) . Recording single units on the surface of the superior colliculus has been observed to be very difficult in other species (Humphrey, 1968; Stein & Dixon, 1979) . It has also been noted that microelectrodes well capable of resolving single cells in the murine visual cortex, tend to give multiunit records on the surface of the superior colliculus (Dräger & Hubel, 1978) . Most of the cells that we encountered also responded to the appearance and disappearance of light in their visual field, i.e. on-off units. On-off units were relatively rare in the retina (Ekesten et al., 2000) and have been reported to be very common in the colliculus (Dräger & Hubel, 1975) . Such reasoning is purely speculative, however. It will be necessary to use other techniques to separate pre-and post-synaptic responses, such as pharmacological blockers or intracellular staining to identify these structures.
It is also difficult to know whether the combined input to these cells is a UV and an M cone or a UV and a rod input because the spectral sensitivities of the M cones and rods are so similar in the mouse. We found that in many cases, the response to the 538 nm flash recovered gradually in the presence of the yellow adapting light, suggesting that this is a cone rather than a rod input. In some cases, the response to the 538 nm flash occurred much later than that to the 360 nm flash and is more likely be a rod response. It would seem likely that rod responses would occur with a greater delay than cone responses, a characteristic pattern in retinal ganglion cell responses in primates (Gouras & Link, 1966; Gouras, 1967) . The rods are not only slower in their photo-response but require additional synapses through a specific amacrine cell system, which probably also exists in murine retina. The existence of mutants among mice in which there are no detectable rod (Humphries et al., 1997; Redmond et al., 1998) or cone (Biel et al., 1999) responses could help resolve this problem in the future.
